ABSTRACT: X-radiographic techniques were used to measure growth rates and bioerosional damage in 3 massive coral species collected at Carrie Bow Cay. Belize. Montastrea annularisgrew significantly faster (F = 6.34 mm p-') than Porites astreoides (E = 4.75mm p-') and both grew significantly faster than M. cavernosa (2 = 4.36mm p-'). M. annularis (when combined with data from Weber and White. 1977) and M. cavernosa growth rates were inversely correlated with water depth. M. annularis skeletons were significantly more excavated (?=?.g% of cross-sectional area) than M. cavemosa (F = 5.3 % ) or P. astreoides (x = 4.8 %) skeletons. Over 80 % of skeletal excavation occurred within 2 cm of a dead surface in all 3 species. Bioerosion within this 'dead area' was significantly greater in M. annularis (F = 15.3 % of cross-sectional area) than in M. cavernosa (F = 12.1 %) or P. astreoides (? = 8.0%), and significantly greater in M, cavernosa than in P. astreoides. Boring sponges accounted for 85 to 94 % of skeletal excavation, with polychaetes, bivalves, and sipunculans accounting for the balance. Differences in percentage excavation correspond to differences in skeletal density (dense species are more bored), proportion of dead skeletal surface available for recruitment by boring organisms (although anomalous results were obtained for P. astreoides because of an encrusting sponge associate), and possibly to differences in plankton primary productivity.
INTRODUCTION
Rate of expansion of coral reefs depends on rates of skeletogenesis of their constituent frame-builders and their resistance to physical, chemical and biological destructive processes (Goreau, 1959; Hein and Risk, 1975; MacGeachy and Steam, 1976) . In this regard, bioerosion of coral skeletons is a n important but littlestudied process on coral reefs. In addition to measurement of growth rates (Knutson et al., 1972 ), x-radiographs of coral skeletal sections have been used recently to measure the amount of calcium carbonate removed by burrowing organisms (Hein and Risk, 1975; MacGeachy and Stearn, 1976; MacGeachy, 1977; Highsmith, 1981a ). Both MacGeachy (1977 at Barbados and Highsmith (1981a) at Enewetak found differences in bioerosional damage between species and related these differences to differences in the biology of the corals. In addition to their relevance to reef development, coral growth rates, as revealed by xradiography, are potentially useful environmental (Hudson et al., 1976; Dodge, 1978) , and also provide insights into the calcifying mechanism (Highsmith, 1979) .
We present data here for 3 of the most common massive coral species on Caribbean reefs: Montastrea annularis (Ellis and Solander). M. cavernosa (Linnaeus), and Porites astreoides (Lamarck). In addition to providing added information on differential growth and excavation of coral species, these data are also of interest because, with the exception of a limited investigation in the Florida inner reef tract (Hein a n d Risk, 1975) , previous studies have been on oceanic islands rather than coastal reefs subject to continental influences such as heavy run-off.
METHODS
This study was conducted at the Smithsonian Institution's IMSWE Laboratory, Carrie Bow Cay, Belize (- 17"N : 88" W). Montastrea annularis, M. cavernosa, a n d Porites astreoides were collected a t several locations on the barrier reef (fore-reef slope, inner reef slope, upper spur and groove zone, reef crest, and patch reef zone; see Fig. 1 in Highsmith et al., 1980) and at patch reefs approximately 1.5 km (-?m depth) and 5 km (-2 m depth; Blue Ground Range) behind the reef crest (see Fig. 2 in Riitzler and Macintyre, 1982) .
The volume of each head was estimated by water displacement. In addition, the maximum circumference perpendicular to the plane of maximum upward growth, live-tissue margin circumference, and basalattachment circumference were measured. When the live-tissue margin varied up and down, the measurement was made at the approximate midpoint.
A slab through the major growth axis was cut from each coral head. Care was taken to ensure that the slabs of each species were of uniform thickness, the width being 1 to 3 times calice diameter (Buddemeier et al., 1974) . The slabs were x-rayed using a Faxitron Model 8060-63 x-ray unit at 65 KVP and Kodak No. 156-0706 XR-2 film. Alternating high and low density bands in the skeleton are revealed on the x-radiographs (Fig. l ) , one band pair representing one year's growth (Knutson et al., 1972; Hudson et al., 1976) . Mean linear growth rate for each head was calculated by counting band pairs along the major vertical growth axis, then measuring the distance between the first and last pairs. For Montastrea annularis, growth in mass was calculated using a mean skeletal bulk density of 1.75 g cm-3 (Dustan, 1975) . We estimated bulk densities for M. cavernosa and Pontes astreoides by the mercury displacement method (Dustan, 1975) using 5 replicate measurements on each of 3 cubes per head cut from selected heads. Fig. 1 . Montastrea cavernosa. X-radiograph of a slab showing alternating high density (light) and low density (dark) bands. A high-density and low-density band couplet is produced each year. The large cavities were made by the boring sponge Siphonodictyon
The x-ray negatives also show the extent and characteristic pattern of skeletal excavation by various boring organisms (Hein and Risk, 1975; MacGeachy and Stearn, 1976; MacGeachy, 1977; Highsmith, 1981a) , making it possible to assess the relative importance of different groups of borers. The percentage of area bored in each coral head was estimated by placing the X-radiograph on a light table and overlaying it with an acetate sheet marked with a grid of 0.25cm2 squares. Areas were measured using an electric planinleter or, for small areas, estimated by counting squares on the grid. Because Highsmith (1981a) found that most bioerosional damage occurs within 2cm of dead surface areas in Enewetak corals, skeletal excavation within 2cm of a dead surface (referred to as 'dead area') was also recorded. This measurement is of interest because, in general, dead surfaces occur on the basal region of corals (Highsmith, 1981a) . Thus, a concentration of burrows in the 'dead area' has a greater weakening effect on the coral's attachment to the substratum than would be the case if burrows were distributed more evenly throughout the head.
RESULTS

Growth rates
Montastrea annularis grew significantly faster than both Montastrea cavernosa (P < ,001) and Porites astreoides (P < .004); the latter also grew faster than M. cavernosa (P < .05, Mann-Whitney U-tests; Table 1 ).
Growth rates for M. cavernosa decreased significantly with increasing depth (P < .05, r, = -0.55; Fig. 2 . Also, the highest growth rates for all 3 species tended to occur in colonies living at less than 10m depth (Fig. 2) . The lack of an inverse correlation Fig. 2 . Mean annual linear coral growth rates relative to water depth. 'Data from Weber and White (1977) between growth rate and water depth in M. annularis (our data only) and P. astreoides is a result of low growth rates for some of the shallow-water heads, probably reflecting locally unfavorable environmental conditions (Kissling, 1977; Highsmith, 1979 ) that override the light intensity-growth rate relationship (Goreau and Goreau, 1959; Goreau, 1963) .
Bioerosion: extent. location, agents
Montastrea annularis was significantly more excavated by boring organisms ( to 18.7). In this case, M. annulariswas not significantly more excavated than P. astreoides ( P < O . l l ) . There was no difference in skeletal excavation between P.
astreoides and M. cavemosa whether barnacle voids are included (P = 0.12) or not (P = .47, z = .08; MannWhitney U-tests).
In all 3 species, most bioerosion occurred within 2 cm of a dead surface area, accounting for over 80 % of total excavation (Table 2, Row 2). Within this area, Montastrea annularis was more bored than M. cavernosa, at the P = ,065 level, and Porites astreoides (P < ,002; Table 2 , Row 3). The 'dead area' in M, cavernosa was also more bored than that in P. astreoides ( P = .03; Mann-Whitney U-tests).
Boring sponges (Table 3) were the most important bioeroders in all cases (Table 2, Row 5; Fig. 3 ). They accounted for 93.8% of total boring i n Montastrea annularis, 87.0% in M. cavernosa and when barnacle voids are not included, for 84.5 % of boring in Porites astreoides. The remaining borers in M. annularis and M. cavernosa in order of importance were: polychaetes, bivalves, unidentified burrowers and sipunculans (Table 2 , Rows 6, 7, 8, 9). These groups each accounted for less than 4 % of excavation. P. astreoides was not bored by bivalves, but mean polychaete damage (15.7 %) was greater than in either Mon tastrea species.
The ratio of the basal attachment circumference to the circumference of the live tissue margin was used by Highsmith (1980 Highsmith ( , 1981a as an index of the relative amount of basal surface area exposed to settlement by borers, i.e. not protected by live coral tissue; the lower the ratio, the larger the exposed area. We found just the opposite relationship between the base/live ratio and skeletal excavation ( Table 2 , Rows 1, 10); Montastrea annularis had the highest ratio and was most eroded, whereas Porites astreoides had the lowest ratio but was least excavated. There are 2 major reasons for this difference from Highsmith's (1980 Highsmith's ( , 1981a data. First, a number of the M. annularis colonies had a columnar growth form (Fig. 3) with live tissue confined to the top of the column, rather than an approximately spherical shape for which the index was developed. This results in a relatively high base/live ratio that Fig. 3 . Montastrea annularis. X-radiograph of slab illustrating sponge damage and columnar growth form. The large cavities were excavated by Siphonodictyon sp., the small peripheral cavities by Cliona sp. Slab is 22 cm in height substantially underestimates the surface area not covered by coral tissue. Secondly, the sponge Mycale laevis (Carter) often occurred on the underside of P. astreoides heads (Fig. 4) . These heads tended to have a well-developed skeletal 'lip', possibly induced by the smith, 1981a) a relationship between water depth and sponge (Goreau and Hartman, 1966) (Goreau and Hartman, 1966) . There-(r, = .33, N = 23) (.05 < P <. 10 in both cases: Spearman fore, substantial departures in growth form from an rank rests). In addition to the high rejection level for ideally spherical shape resulted in overly high and low the latter 2 species, only 2 of the 23 P. astreoides were base/live ratios for M. annularis and P, astreoides, from depths greater than 10m, and 6 of the 10 most respectively.
bioeroded heads occurred in less than 2m of water. If The ratio of the attachment circumference to the there is a correlation between water depth and bioeromaximum girth of massive coral heads (Table 2 , Row sion, it is a very weak one. 11) can be used as an index of how securely the corals are attached to the substratum (Highsmith, 1980 (Highsmith, , 1981a . These ratios range between 0 and 1; a low ratio Bioerosion: effect on skeletal strength indicates weak attachment. Because of the growth forms of these corals (see above), the base/maximum
The reduction in coral skeletal strength due to the ratio for Montastrea annularis was significantly greater activities of burrowing organisms can be estimated by than that for Porites astreoides (P < .05) but not M.
treating skeletal excavation as an increase in porosity cavemosa; nor was the ratio for the latter greater than (Highsmith, 1981a) . The formula for the breaking that for P. astreoides (Mann-Whitney U-tests).
strength of a material containing voids is a = a. e-"" Finally, our results were equivocal on the extent of (Ryskewitch, 1953) , where a. is the strength of the skeletal excavation relative to colony size (Table 2, material without pores, n is a constant between 4 and Rows 1, 12) or water depth. Highsmith (1981a) region of the basal attachment (Highsmith, 1981a) . The With regard to a depth gradient, our results were least porous of the 3 coral species, Montastrea also mixed on whether there is (Goreau and Hartman, annularis, had the highest initial strength, and vice 1963; MacGeachy and Stearn, 1976) or is not (Highversa (Table 4) . However, when porosity was adjusted results in the same rank order of strengths as found for differences in porosity (Table 4) . The actual reduction in skeletal strength due to bioerosion is probably greater than that resulting from an equivalent increase in porosity because bioerosional damage is concentrated in the basal 'dead area' and the bore holes probably have effects more similar to cracks which reduce breaking strength much more than increased porosity (Highsmith, 1981a) . Thus, the greater the extent of skeletal excavation for a species, the larger may be the underestimation of skeletal weakening. The magnitude of this source of error is presently unknown but conceivably could reverse the rank order of unbored skeletal strengths. (Dodge et al., 1974 , Bak, 1978 Lasker, 1980) . Also, hurricanes encounter the Belize barrier reef an average of once every 10 yr and may reduce growth rates directly by damaging coral tissues (Stoddart, 1963; Highsmith et al., 1980) . For Montastrea cavernosa, Weber and White (1977) reported an average growth rate of 3.4n1m yr-' (range 2.9 to 5.0, N = 4) for heads collected from 0 to 18m depth at Belize. Although we found a slightly higher growth rate of 4.36mm yr-l (Table l ) , the 2 studies show that M. cavernosa grows more slowly both linearly and in mass deposition than M. annularis.
Using short-term staining techniques, Gladfelter et al. (1978) report Porites astreoides growth rates to be 3.0 to 3.5mm yr-' in the backreef zone at St. Croix. These rates are considerably lower than the 4.75 mm yr-* growth rate we found at Belize (Table 1) and somewhat lower than X-radiographically determined rates of 4.3mm yr-' (fore reef) and 4.0mm yr-' (reef flat) for Florida P. astreoides (Kissling, 1977) . In addition to possible environmental differences between these habitats and locations, the low rates at St. Croix could be due also to the time of year or even particular year that the corals were stained.
DISCUSSION
Growth rates vs water depth Growth rates Gladfelter et al. (1978) summarized growth rates for Montastrea annularis at various western Atlantic locations. Excluding the data of Lewis et al. (1968) for transplanted fragments and also data for flat colonies from deep water, growth rates were relatively consistent regardless of temperature, reef zone, or geographical area. In addition, Weber and White (1977) found mean growth rates ranging from 4.6mm yr-' to 5.0mm yr-' for shallow-water specimens from Florida (Key West), Jamaica, and Panama. In Belize, Weber and White (1977) established a mean growth rate of 7. l mm yr-' (range 3.7 to 10.7, N = 9) for M. annularis collected at Om depth, and a mean rate of 4.lmm yr-' (range 3.3 to 4.8, N = 2) for heads at 14 to 18m depth; the mean for all depths was 6.55rnrn yr-l. We found a mean growth rate of 6.34mm yr-' for M. annularis (Table 1) . Although lower than rates for many other locations, this rate is within the range of 4.6 to 10.7mm yr-' average growth found by other workers (Weber and White, 1977; Gladfelter et al., 1978) . The Carrie Bow reef, located approximately 20 km from the Belize coast (Riitzler and Macintyre, 1982) , is affected by runoff of cool, sediment-laden freshwater following storms. Sediment both reduces water clarity and requires an increased expenditure of energy by corals for cleaning activity, resulting in lower growth rates In spite of the positive relationship between light availability and calcification rate (Goreau and Goreau, 1959; Pearse and Muscatine, 1971; Chalker and Taylor, 1975; Chalker, 1977; Schmitz and Kremer, 1977) , a decrease in linear growth rate with increasing water depth has been demonstrated for only a few coral species. In the Pacific Ocean, Buddemeier et al. (1974) reported growth rates for Porites lutea at Enewetak decreased over a depth range of 4 to 30 m. Highsmith (1979) , also working at Enewetak, found an inverse correlation between growth rate and depth for P. lutea, Favia pallida, and Goniastrea retiformis.
In the Caribbean Sea, Bak (1976) found that growth in mass for Meandrina meandrites at Curacao decreased with depth but, conversely, that Agaricia agaricites mass increased more rapidly at 24 m than at 13m. At Jamaica, Dustan (1975) reported lower upward linear growth rates with increasing depth for Montastrea annularis. However, the growth form also changed from round to flat over the depth gradient studied and there was no significant relationship between depth and linear growth when growth was measured in the direction of polyp addition on the flat M. annularis colonies. All but 3 of the heads in Dustan's (1975) study were collected between depths of 15 and 45m, so additional data from shallower water could conceivably alter the latter finding. At St. Croix, Baker (1975) also found a decline in M. annularis growth rates over a depth span of 0 to 27m but, again, flat growth forms occurred from 18 to 27 m, the portion of the depth range in which lower growth rates were found. The distribution of M. annularis growth rates for Belize (Fig. 2) suggests that a relationship between growth rate and water depth might exist if we had a larger sample size or samples from depths greater than 15m. However, this depth represents the approximate lower limit of the massive growth form of this species at our study site. In order to increase the sample size, we combined our data with those of Weber and White (1977) for Belize M. annularis (Fig. 2) . Analysis of the combined data (see results section) indicates that, though highly variable, M. annularis growth rates do tend to decrease at greater depths.
Bioerosion
Skeletal excavation in the 3 Belize coral species (Table 2, Row l ) , when compared to results of other studies using similar methods, is less than that reported for corals from Barbados and Florida, and somewhat greater than in corals from Curacao and Enewetak. Mean skeletal excavation for 6 coral species (8 specimens) at Florida was 28 % (Hein and Risk, 1975) . At Barbados, MacGeachy and Stearn (1976) found mean excavation of 15% for 36 Montastrea annularis heads, and MacGeachy (1977) reported mean excavation due to sponge only of 8.6 % for 45 heads of M. annularis. MacGeachy (1977) also found means of 5.9 % and 5.2 % for sponge excavation in 33 Siderastrea sp. and 39 Porites astreoides, respectively. Using slightly different methods, Bak (1976) reported an average of 1.4% excavation for 10 M. annularis and 1.7 % for 5 Meandrina meandrites at Curacao. At Enewetak, Highsmith (1981a) found mean values of 7.8 % for 18 Goniastrea retiformis, 2.5 % for 56 Porites lutea, and 1.2% for 19 Favia pallida. Highsmith (1981a) also reported that the species with the highest percentage 'dead area' was, as predicted, the most extensively bored. We find a similar relationship for the 2 Montastrea species (Table 2, Row 4) but P. astreoides, the least excavated species, has the highest percent dead area. The dead basal region of the latter, however, is apparently enlarged and yet protected by the presence of the encrusting sponge Mycale laevis (Fig. 4) .
In all 3 Belize coral species, over 80 % of the boring was done by sponges (Table 2, Row 5). This level of infestation is similar to the range of 75 to 83% for sponge boring found by Highsmith (1981a) at Enewetak. Bak (1976) and MacGeachy and Stearn (1976) attribute over 90% of excavation to boring sponges. Sponges account for the majority of skeletal excavation, not only because they are the most common boring organisms in coral heads, but because a single sponge recruit can potentially excavate networks of tunnels and chambers throughout the nonliving periphery of coral skeletons. In contrast, individual bivalves, polychaetes and sipunculans make relatively small, discrete boreholes (Highsmith, 1981a) .
Polychaetes, bivalves and sipunculans accounted for small amounts of bioerosion (Table 2, Rows 6, 7, 8) except in Porites astreoides where polychaetes accounted for 15.7% of damage. These groups were only responsible for small percentages of skeletal excavation at Barbados (MacGeachy and Stearn, 1976) , Curacao (Bak, 1976) , and Enewetak (Highsmith, 1981a) also. In contrast, Hein and Risk (1975) found polychaete excavation was almost as great as sponge damage in Florida corals.
In spite of the problems pointed out in the results section, the base/live and base/maximum ratios (Table  2 , Rows 10, 11) are quite similar to the mean ratios of .42 and .38, respectively, reported by Highsmith (1980) for 251 western Atlantic corals from l l locations. Highsmith (1980) also found that western Atlantic ratios were significantly lower than ratios for Indo-Pacific corals. Our data, in addition to supporting Highsmith's (1980) findings, may also provide at least a partial reason for the low western Atlantic ratios. In the species studied, Porites astreoides has the lowest ratios (Table 2 , Rows 10, 11; also, 11 1 of the 251 western Atlantic corals in Highsmith's study were P. astreoides with a mean basehive ratio of .36) which, as noted in the results section, may be due to the influence of the sponge Mycale laevis on the coral's growth form. This sponge occurs on a variety of western Atlantic corals and has also been reported to affect the growth form of flat Montastrea annularis colonies (Goreau and Hartman, 1966) . To our knowledge, there is no equivalent coral associate in the Indo-Pacific that results in a similar alteration of growth form. It is our general observation that sponges and other encrusting organisms appear to be more prominent on the bases and undersides of western Atlantic corals than Indo-Pacific corals, possibly due to higher nutrient availability and plankton productivity (Highsmith, 1980) . In addition to having a potentially important influence on coral shapes, the encrusters may in some cases prevent or reduce recruitment of boring organisms (MacGeachy, 1977) .
The general lack of an inverse correlation between bioerosion and colony size in Belize corals, in contrast to Highsmith's (1981a) results at Enewetak, may be due to the large basal area available for recuritment of borers as indicated by the low base/live ratios (Table 2, Row 10). At Enewetak, these values ranged from .61 for the most eroded coral to .78 for the least eroded (Highsmith, 1981a ). Since bioerosion is basically a surface phenomenon (Highsmith, 1981a) , Enewetak corals, by maintaining live tissue on their bases, not only reduce recruitment of boring organisms but also enlarge the base commensurate with overall growth and thus, have a potential escape in size from catastrophic bioerosion. Such may not be the case for many western Atlantic corals.
Patterns of bioerosion
Results from Enewetak (Highsmith, 1981a) and Belize (this study) indicate that approximately 2 to 5 times more excavation occurs in the 'dead area' than in the balance of coral skeletons. The percent of total boring located in the 'dead area' ranged from 65 to 95 % for 3 Enewetak species and from 82 to 88 % for the 3 Belize species (Table 2, Row 2). Thus, the amount of bioerosion in individual corals depends to a great extent on the relative proportion of skeletal surface not covered by live coral tissue.
Secondly, bioerosional damage is positively correlated with coral skeletal bulk density (Table 2 , Rows 1, 13). This relationship has been found also for other corals (V. Tunnicliffe, pers. comm.; Highsmith, 1981b) ; possibly dense species offer borers greater protection from predators and/or exposure by scraping grazers or perhaps coral species with dense skeletons may be less adept at keeping tissue over their skeleton (Highsmith, 1981b) .
Finally, environmental differences due to geographic locations may contribute to overall patterns of bioerosion. Highsmith (1980) found that, on a gobal scale, bioerosional damage was correlated with geographic patterns of plankton primary productivity. The reason for this correlation is that at least 2 major boring organisms, bivalves and sponges, are planktivores. Skeletal damage in the Belize corals, though somewhat less than in corals at Florida or Barbados (where Amazon River discharge enhances nutrient availability; Kidd and Sander, 1979) , is higher than that at Enewetak, in agreement with Highsmith's (1980) finding that bioerosion in western Atlantic corals, where productivity is generally higher, tends to be greater than in Indo-West Pacific corals. Highsmith (1980) further proposed that a similar correlation between plankton productivity and bioerosion should occur in local situations where there are productivity gradients or differences. This hypothesis is still largely untested. Glynn et al. (in prep.) , working at several locations in the Galapagos Islands, found that boring bivalves tended to be more abundant in corals at sites affected by upwelling than in corals at less affected sites. Highsmith (in prep.) . Percent coral skeletal excavation relative to a probable gradient of increasing plankton primary productivity. 1, forereef slope; 2, inner reef slope; 3, upper spur and groove zone; 4, reef crest; 5, patch reef zone; 6, 3-km patch reef; 7, 10-km patch reef 1980). In addition, a n u m b e r of workers h a v e s h o w n t h a t productivity increases as a l a n d o r island mass is a p p r o a c h e d (e.g. Doty a n d Oguri, 1956; S a n d e r and Steven, 1973 ; H a m n e r a n d H a u r i , 1981). If t h e Belize collecting sites a r e a r r a n g e d according to this pres u m e d productivity g r a d i e n t for t h e c l e a r waters of t h e o u t e r fore-reef to t h e green, low-visibility w a t e r s of t h e innermost lagoon patch reef (order g i v e n i n Methods), p e r c e n t skeletal excavation i n Porites astreoides is positively correlated with p l a n k t o n productivity (P < ,025, r, = .48; Fig. 5 ) b u t not i n Montastrea annularis (r, = -.13). T h e analysis for M, annularis is s o m e w h a t complicated by t h e fact that t h e first 2 collecting sites a r e also t h e d e e p e s t a n d , as indicated earlier, there is a w e a k correlation b e t w e e n d e p t h a n d bioeroslon i n this species. A larger s a m p l i n g p r o g r a m is n e e d e d to factor out t h e effects of d e p t h , c h a n g e s i n growth form, a n d productivity. T h e d a t a for M. cavernosa w e r e not a n a l y z e d b e c a u s e 21 of t h e 23 h e a d s w e r e collected a t just 3 of t h e sites. T h e s e very preliminary d a t a , comb i n e d w i t h those of t h e o t h e r s t u d i e s m e n t i o n e d above, t e n d to support t h e hypothesis that bioerosion is also correlated w i t h local patterns of p l a n k t o n primary productivity.
